The interaction of Cu(II) with the following secondary N-substituted derivatives of di(2-picolyl)amine (1) are reported: N-cyclohexylmethyl-di(2-picolyl)amine (2), N-benzyl-di(2-picolyl) (8) (2)(m-Cl)] 2 (PF 6 ) 2 and [Cu(3)(m-Cl)] 2 (PF 6 ) 2 ·0.5H 2 O over the range 2-300 K. Both compounds show Curie-Weiss behaviour, with the data indicating weak antiferromagnetic interaction between the pairs of copper ions in each complex. Liquid-liquid (H 2 O/CHCl 3 ) extraction experiments involving 1-3 and 7-9 as extractants showed that, relative to the parent (unsubstituted) dipic ligand 1, substitution at the secondary amine site in each case resulted in an increase in extraction efficiency towards Cu(II) (as its perchlorate salt); at least in part, this increase may be attributed to the enhanced lipophilicities of the N-substituted derivatives.
Interaction of an extended series of N-substituted di(2-picolyl)amine derivatives with copper(II)
.
Introduction
The transition metal chemistry of polypyridyl ligands continues to receive much attention, in part reflecting their coordination versatility and the role that such systems often play in biological, catalytic, photoactive and sensor applications. 1 Di(2-picolyl)amine (dipic, 1) and its secondary nitrogen substituted derivatives have been demonstrated to form strong complexes with a number of transition and post-transition metal ions. For example, several reports describe the interaction of the dipic moiety with Cu(II) to yield both mono-and bis-ligand derivatives whose solid state structures have been reported in several instances.
2-13
The interaction of Cu(II) with dipic derivatives incorporating substitution at the secondary nitrogen centre (including linked di-and tri-dipic derivatives) has also been investigated although individual systems of this type have received less attention than those of dipic itself.
2,14-30 Nevertheless, a number of copper derivatives of dipic and its substituted derivatives have been demonstrated to be effective reagents for the interaction with and oxidative cleavage of DNA.
15,31- 33 We now report the results of an investigation aimed at extending the Cu(II) chemistry of both the parent dipic ligand 1 and its N-substituted derivatives 2-9. With respect to this, it is noted that we have recently reported the results of an investigation of the complexation behaviour of a related series of N-substituted derivatives of 2,2¢-dipyridylamine (dpa) with Cu(II), 34 Pd(II) 34 and Ag(I). 35 Unlike dipic and its derivatives of the above type, which usually bind to a metal via all three nitrogen donors of each dipic domain present, the dpa derivatives only employ the two pyridyl nitrogens from each dpa domain for such binding -that is, the aliphatic amine site remains uncoordinated. Hence, as already observed in previous studies, a significant difference in coordination behaviour is expected between corresponding ligands belonging to the dpa and dipic derivative ligand categories.
Experimental Physical methods
NMR spectra were determined on a DRX-500 Bruker or Varian 300 MHz spectrometer. Column chromatography was performed on silica gel 60 (0.040-0.063 mm Merck) or neutral Al 2 O 3 (FH 300 mm, HNS 29 Por.0). Melting points are uncorrected. ESI-MS were determined on a Micromass LCT-TOF mass spectrometer. Static magnetic susceptibility was measured with a Superconducting Quantum Interference Device (SQUID) Magnetometer from Quantum Design. The ESR measurements were performed with an X-Band (10 GHz) Bruker EMX Spectrometer.
Ligand synthesis
Di(2-picolyl)amine (1) used for preparation of the N-substituted derivatives was obtained commercially. Ligands 2 and 4 are new and were prepared as described below. Ligands 3, 21 5, 36 6, 37 7, 38 8
38
and 9 40 were prepared as described previously.
N-Cyclohexylmethyl-di(2-picolyl)amine (2).
A few crystals of KI were added to di(2-picolyl)amine (0.70 g, 3.52 mmol) and K 2 CO 3 (0.97 g, 7.03 mol) suspended in acetone (10 mL) and bromomethylcyclohexane (0.62 g, 3.52 mol) in acetone (20 mL) was added dropwise over 30 min. The mixture was heated at reflux for 24 h, the acetone was then removed under vacuum, and the residue was dissolved in CHCl 3 (100 mL). This solution was washed twice with water (100 mL) then the organic phase was dried over MgSO 4 , filtered, and the solvent removed under vacuum. The residue was purified by column chromatography [CHCl 3 /MeOH (98:2), SiO 2 ]. The desired product 2 was present in the first fraction as a brown oil. Yield: 0.6 g, (58%). C 19 
N-(4-Pyridylmethyl)-di(2-picolyl)amine (4).
To 4-chloromethylpyridine hydrochloride (1.64 g, 10.0 mmol) suspended in acetone (15 mL) was added NaOH (0.400 g, 10.0 mmol) in water (10 mL). When the 4-chloromethylpyridine hydrochloride had dissolved, the resulting yellow solution was added dropwise to a mixture of di(2-picolyl)amine (1.395 g, 7.00 mmol) and K 2 CO 3 (0.97 g, 7.00 mmol) in acetone (40 mL) and the solution was heated at reflux for 6 h. The solvent was removed under vacuum and the residue was shaken with a 1:1 mixture of water and chloroform. The aqueous phase was separated and washed three times with chloroform; the organic phases were combined then washed three times with water. The organic phase was dried over MgSO 4 , filtered, and the solvent removed under vacuum. A brown oil remained that was purified by column chromatography (ethyl acetate, SiO 2 ). Yield: 1.03 g (51% 4 . Cu(ClO 4 ) 2 ·6H 2 O (0.030 g, 0.080 mmol) in methanol (2 mL) was added to 7 (0.020 g, 0.040 mmol) in methanol (2 mL). The brown precipitate that initially formed was removed by filtration and diffusion of diethyl ether vapour into the green filtrate resulted in a blue-green crystalline product which was isolated, washed with ether and allowed to dry in air. Yield: 0.043 g (52% 
Solvent extraction experiments
Liquid-liquid extraction experiments were performed at 23 ± 1
• C in microcentrifuge tubes (2 cm 3 ) with a phase ratio V (org) :V (aq) of 1:1 (500 mL each). The aqueous phase contained Cu(ClO 4 ) 2 (1 ¥ 10 -4 M), sodium perchlorate (5 ¥ 10 -3 M) as supporting anion and the zwitterionic buffer system, HEPES/NaOH, at pH 7.2; as a precaution, the pH of the aqueous phase was monitored before and after each experiment with the aid of an InLab423 pH electrode. The organic phase contained a known concentration of ligand in chloroform (1 ¥ 10 -3 M). All experiments involved the mechanical shaking of the two-phase system for 30 min (T = 23 ± 1
• C) by which time equilibrium was reached (as established by preliminary experiments). At the end of this time, the phases were separated, centrifuged and the depletion of the metal ion concentrations in the aqueous phase was measured using an ICP-MS (ELAN 9000/Perkin Elmer) spectrometer. 3 ·C 4 H 10 O were collected at 150(2) and 198(2) K respectively with a Bruker AXS Kappa APEX II CCD and SMART APEX II CCD diffractometers with w and j scans. Data integration and reduction were undertaken with SAINT and XPREP. 43 Each structure was solved by direct methods using SHELXS-97.
44
Both diffractometers employed graphite-monochromated Mo-Ka radiation generated from a sealed tube (0.71073 Å ). Multi-scan empirical absorption corrections were applied to all data sets using the program SADABS. 45 All structures were refined and extended with SHELXL-97. 46 In general, ordered non-hydrogen atoms with occupancies greater than 0.5 were refined anisotropically. Partial occupancy carbon, nitrogen and oxygen atoms were refined isotropically, as were chlorine atoms with occupancy of 0.25 or less. Carbon-bound hydrogen atoms were included in idealised positions and refined using a riding model. Oxygen and nitrogenbound hydrogen atoms that were structurally evident in the difference Fourier map were included and refined with bond length and angle restraints.
Crystal and structure refinement data for all structures are summarised in Table 1 . Where applicable, further details relating to the X-ray structure refinements are given in the ESI † along with tables of bond lengths and angles for each structure together with selected H-bond and p-interaction geometries.
Results and discussion

Cu(II) complex synthesis
In an attempt to obtain suitable crystals for X-ray diffraction studies, the reaction of 2-9 with the appropriate Cu(II) salt under a variety of conditions resulted in isolation of the following new complexes: [Cu (2) 6 yielded a blue crystalline complex. The X-ray structure (Fig. 1) of this product showed a m-dichloro bridged dimer, disposed around an inversion centre, containing five-coordinate Cu(II) ions, with the latter separated by 3.50 Å ; other selected bond lengths and angles are listed in Table S1 in the ESI. † The N 3 Cl 2 -coordination sphere of copper is best described as near square-pyramidal (t = 0.14). 47 The Cu1-N bond lengths involving the tertiary aliphatic N1 and heterocyclic nitrogen atoms N2 and N3 are similar at 2.002(2), 1.989(2) and 1.992(2) Å , respectively. The bridging 'equatorial' Cu-Cl bond lengths are 2.240(1) Å , contrasting with the longer 'axial' bridging Cu-Cl bond lengths of 2.929(1) Å .
Selected inter-and intramolecular interactions for [Cu(2)(mCl)] 2 (PF 6 ) 2 are listed in Table 2 . The dimeric arrangement is stabilised by intramolecular C-H ◊ ◊ ◊ Cl interactions; Cl(1) is associated with two intramolecular C-H ◊ ◊ ◊ Cl interactions with aryl C-H groups next to the pyridine-nitrogens C-H(6) and C-H(12) (Fig. 2) . One PF 6 -[P(1)] counter ion is involved in a weak interaction with the complex cation [H(13A) ◊ ◊ ◊ F(1A) = 2.36 Å ; -x, y, 1/2 -z], with the corresponding C-H ◊ ◊ ◊ F-distance The resulting structure confirmed the presence of a dinuclear dichloro-bridged cation (Fig. 3) whose structure closely parallels that of the above complex of 2. The charge on the complex cation is balanced by the presence of disordered PF 6 -anions in the lattice. A 3D-network results from an array of phenyl C-H to F (PF 6 -) and Cl (solvent) hydrogen bonds throughout the lattice.
It needs to be noted here that the structures of two closely related dinuclear dichloro-bridged complexes, [Cu(3)(m-Cl)] 2 -(ClO 4 ) 2 ·0.33CH 3 OH and [Cu(3)(m-Cl)] 2 (ClO 4 ) 2 ·0.67C 2 H 5 OH, each incorporating the same complex cation as occurs in [Cu(3)(m-Cl)] 2 (PF 6 ) 2 ·0.5CH 2 Cl 2 (but different anions), have been reported previously by Rojas et al. 21 and Kani et al., 27 respectively. In both cases the cation geometries are similar to that in the present complex.
[Cu(6)(ClO 4 ) 2 (Fig. 4) . Perhaps surprisingly given the presence of both anthracene and pyridyl moieties, the crystal packing is dominated by hydrogen bonding interactions, which give rise to a two-dimensional sheet-like motif (ESI , Table S4 ). † There are, however, some weak p interactions, the strongest of which is a perchlorate anion-p interaction 50 indicated by an O(4)-C(41)-containing centroid distance of 3.14 Å and a weaker anion-p interaction O(13)-C(14)-containing centroid of 3.47 Å to yield an 4 ]. An X-ray diffraction study confirmed this stoichiometry. The complex crystallises in the monoclinic system and contains two molecules per unit cell. Each of the two di(2-picolyl)amine ligand subunits of 8 coordinate to a Cu(II) centre to yield the 2:1 (L:M) binuclear arrangement shown in Fig. 6 . Each copper is bound to an N 3 Cl 2 donor atom set, with the coordination geometry being square pyramidal (t = 0.01). (8) 
For Cu(1) the tertiary amine nitrogen N(1) together with the pyridine nitrogens N (20) and N(30) and the Cl(3) chloro ligand define the basal plane of the square pyramid while Cl(2) occupies the apical site. As commonly occurs in related complexes, the Cu(1) centre is positioned above (0.24 Å ) the basal plane towards Cl(2). The Cu(1)-N bond lengths are similar and unremarkable (ESI Table S5 ). † The apical and axial Cu-Cl bond lengths differ Once again, two intramolecular C-H ◊ ◊ ◊ Cl-Cu interactions between the equatorial Cl -ligand and the aryl-H atoms H(21) and H(31) of the pyridine rings are present in the structure (Fig. 7) ; the respective distances are 2.79 and 2.77 Å (Table 3 ). Weak intermolecular C-H ◊ ◊ ◊ Cl-M interactions involving the axial chloro ligand Cl(2) also occur: the shortest interaction corresponds to H(4) ◊ ◊ ◊ Cl(2) (2.66 Å ), with the C-H ◊ ◊ ◊ Cl angle being 165
• . It is noted that the structure of the trihydrate form [Cu 2 (8)(Cl) 4 ]·3H 2 O of the present complex has been reported by Zhao et al. 15 This complex crystallises in the monoclinic system with the space group being C 2 /c. Overall the structure is very similar to that of the above anhydrous complex. + ion (with the isotopic distribution for this ion in excellent agreement with the calculated pattern for a di-copper species) suggested the possibility that the present complex was a dinuclear species. The microanalysis of the solid complex was also in accord with such a formulation.
The X-ray structure of the above product confirmed the formation of a dinuclear complex of type [Cu 2 3+ , twelve perchlorate ions, and four ether molecules. The presence of basic amine sites on 9 presumably helps promote methoxide formation, with one amine site on each 9 being protonated in the process.
The Cu(II) ions in this dinuclear compound are bridged by two methoxides (see Fig. 8 ) with the Cu-Cu distance being 3.02 Å . The coordination spheres of Cu(1) and Cu(2) are not equivalent (Fig. 9) ; selected bond lengths and angles are listed in the ESI Table S6 . † The N 3 O 3 -coordination sphere of Cu (2) is distorted octahedral, with the metal centre being bound to two pyridine nitrogen atoms from two dipic subunits, a tertiary nitrogen, N(9), from one of these, together with two methoxides and a water molecule. The Cu(1) centre is bound to two pyridine nitrogen atoms and two oxygen atoms from the methoxide bridges, with 3+ showing selected atom labels (50% thermal ellipsoids).
the corresponding bond lengths being comparable to those for Cu (2) . The square pyramidal coordination sphere of Cu (1) 3+ and these are shown in Fig. 10 (see also ESI, Table S7 ). † A strong (charged) bifurcated hydrogen bond in the complex cation occurs between the protonated pyridyl nitrogen N(12) and the pyridine nitrogen atom N(19) together with the tertiary amine nitrogen N(7). The N(12)-N(19) distance is In the whole temperature range c -1 is linear in T following thus the Curie-Weiss law c = C/(T+q) perfectly. Here C is the Curie constant and q is the Curie-Weiss temperature. The fit yields C = 0.454 and 0.418 emuK/mole Cu for complexes [Cu(2)(mCl)] 2 (PF 6 ) 2 and [Cu(3)(m-Cl)] 2 (PF 6 ) 2 ·0.5H 2 O, respectively. In both cases a small positive value of q < 0.3 K has been obtained from the fit, indicating a rather weak antiferromagnetic interaction between the Cu ions in these dimer complexes.
The magnitude of the effective magnetic moment p eff which is related to C~cT as p eff = (3Ck B /N A ) 1/2 is plotted in the inset of Fig. 11 as a function of temperature. It reveals an almost Tindependent value of 1.91 and 1.83m B for the first and second complex, respectively. Since in both cases the magnetic moment is associated with the spin 1/2 of the Cu(II) ion (3d 9 , S = 1/2), in the absence of significant magnetic interactions the difference in the magnitude of the moment p eff = g[S(S + 1)] 1/2 m B is related to the difference in the g-factors. From the above values of p eff one obtains g = 2.21 and 2.11 for complexes [Cu(2)(m-Cl)] 2 (PF 6 ) 2 and [Cu(3)(m-Cl)] 2 (PF 6 ) 2 ·0.5H 2 O, respectively. One should note, that since the g-factor of Cu(II) in a low symmetry ligand coordination is anisotropic, the above estimates represent a powder averaged value of the g-factor tensor.
The anisotropy of the g-factor can be demonstrated on the example of the powder ESR spectrum of [Cu(3)(mCl)] 2 (PF 6 ) 2 ·0.5H 2 O (see Fig. 12 ). The asymmetric shape of the spectrum with a narrow high field peak and a broad low field part with a shoulder is characteristic for a uniaxial g-factor anisotropy with g > g^, where indexes and^denote the directions of the magnetic field parallel and perpendicular to the anisotropy axis. The low field shoulder and the high field peak are located roughly at resonance fields corresponding to g and g^. A computer simulation of the powder spectrum is in good agreement with the experiment using the values of g = 2.19 and g^= 2.06 (Fig. 12) . Indeed, a powder averaged value of g = [(1/3) g 2 + (2/3) g^2] 1/2 = 2.10 is very close to the estimate from the static susceptibility data. 
Solvent extraction
A series of two-phase solvent extraction (water/chloroform) experiments involving the extraction of Cu(II) in the presence of 1, 2, 3, 7, 8 and 9 have been carried out. In each case the initial aqueous phase contained Cu(II) perchlorate at 1 ¥ 10 -4 M, sodium perchlorate at 5 ¥ 10 -3 M and was buffered at pH 7.2. The organic phase contained ligand at 1 ¥ 10 -3 M; namely, in 10-fold excess of the above Cu(II) ion concentration. Under these conditions the copper extraction by 1 was negligible (~2%) while a significant extraction was observed with each of the N-substituted derivatives 2 (34%), 3 (23%), 7 (28%), 8 (8%) and 9 (8%). At least in part, the behaviour of 2-9 appears likely to reflect the additional lipophilicities of the latter systems (relative to 1) arising from the presence of the organic N-substituents. Interestingly, comparison of the results for the isomeric aryl-linked systems 7 (28%) and 8 (8%) indicates that substitution of the 1,3-aryl linkage in 7 with the 1,4-aryl link in 8 has a marked influence on extraction efficiency in this case.
Concluding remarks
The synthesis of the Cu(II) complexes of the extended series of substituted di(2-picolyl)amine derivatives 2-9 has been carried out and the crystal structures, magnetic properties and solvent extraction behaviour of selected complexes investigated. The series is characterised by a varied range of interesting coordination geometries and lattice architectures which in the case of [Cu (6) extraction experiments indicate that the presence of alkyl or aryl substituents on the secondary amine nitrogen of the parent di(2-picolyl)amine ligand results in enhanced extraction efficiencies for the systems investigated, undoubtedly reflecting the higher lipophilicities of the latter systems. Variable temperature magnetic studies of the dinuclear complexes of 2 and 3 confirm the presence of a weak antiferromagnetic interaction between the copper ions in each of these complexes.
